ADDITIONAL INDEX WORDS. Lactuca sativa, relative harvest rate, processing time, plant factory, supply and demand adjustment, vertical farm SUMMARY. Labor productivity in terms of material value (weight of plants harvested per hour per person) was evaluated for 6 months from the start of operations in a research facility at Osaka Prefecture University (Osaka, Japan), serving as a model system for plant production with sole-source lighting (also referred to as a ''vertical farm'' or ''plant factory''). The research facility is capable of producing lettuce plants (Lactuca sativa) at a maximum production rate of %5000 plants/day when the relative harvest rate (i.e., number of plants harvested/maximum potential number of plants harvested) is 100%. However, in the present study, the relative harvest rate at the research facility was in the range of 17% to 65% and labor productivity varied from 1.5 to 6.0 kgÁh L1 per person. The evaluation results indicated that increasing the weight of plants harvested and increasing the relative harvest rate was necessary to maintain a high level of labor productivity. The processing time for harvesting was greatest among all plant operations, suggesting the need to reduce the time taken in this operation to increase the labor productivity in the research facility and in other plant production systems with sole-source lighting (PPSLs). This study demonstrates the importance of analyzing labor productivity for increasing the commercial feasibility of PPSLs. However, further long-term investigation with higher relative harvest rates is required for a more definitive conclusion.
SUMMARY. Labor productivity in terms of material value (weight of plants harvested per hour per person) was evaluated for 6 months from the start of operations in a research facility at Osaka Prefecture University (Osaka, Japan), serving as a model system for plant production with sole-source lighting (also referred to as a ''vertical farm'' or ''plant factory''). The research facility is capable of producing lettuce plants (Lactuca sativa) at a maximum production rate of %5000 plants/day when the relative harvest rate (i.e., number of plants harvested/maximum potential number of plants harvested) is 100%. However, in the present study, the relative harvest rate at the research facility was in the range of 17% to 65% and labor productivity varied from 1.5 to 6.0 kgÁh L1 per person. The evaluation results indicated that increasing the weight of plants harvested and increasing the relative harvest rate was necessary to maintain a high level of labor productivity. The processing time for harvesting was greatest among all plant operations, suggesting the need to reduce the time taken in this operation to increase the labor productivity in the research facility and in other plant production systems with sole-source lighting (PPSLs). This study demonstrates the importance of analyzing labor productivity for increasing the commercial feasibility of PPSLs. However, further long-term investigation with higher relative harvest rates is required for a more definitive conclusion. R ecently, large-scale PPSLs have been constructed and started operations. This type of system is generally a closed structure and thermally insulated, so that the inside environmental conditions [e.g., light intensity, air temperature, and carbon dioxide (CO 2 ) concentration] are hardly affected by the outside weather. Moreover, because the environmental conditions can be controlled as desired, the appropriate plant size and quality can be continuously harvested all year round. In Japan, the number of PPSLs was reported to be 197 as of Mar. 2017 (Japan Greenhouse Horticulture Association, 2017). Currently, leafy vegetables (e.g., lettuce) are the main products in PPSLs.
Intensive research has been conducted on PPSLs (Kozai et al., 2016) , resulting in more PPSLs being completed; however, significant problems have arisen in terms of management (e.g., labor management), especially for large-scale systems, and so the cost of labor has become a major factor affecting operating expenses. Ohyama (2015) reported a case study on a simple cost analysis of a commercial PPSL (maximum production rate: %7000 plants/d). The report showed that labor was a major expense, accounting for 27% of the total expenses. To increase the revenue, the labor cost must be reduced by efficiently using human resources and/or by using mechanization or automation.
In plant production systems with natural lighting (e.g., fields and greenhouses), efficient use of human resources has been investigated through work analyses. For example, Bechar et al. (2007) conducted a time study in a tomato (Solanum lycopersicum) greenhouse based on the direct measurement of trellising and harvesting. Vitner and Bechar (2008) used the time study method to measure harvesting in screen houses where ornamental plants were cultivated. Luxhoj and Giacomelli (1990) compared the time-study method and two tabular methods: Element Times for Agriculture tables and the Maynard Operation Sequence Technique tables (Zandin, 2003) for evaluating the operations in a tomato greenhouse. To increase the accuracy and reliability of measuring the processing time, several handheld devices have been developed (Ampatzidis et al., 2012 (Ampatzidis et al., , 2013 Bechar and EbenChaime, 2014; Riemer and Bechar, 2016) . However, for PPSLs, there is little information based on a work analysis including the evaluation of labor productivity.
The objective of this study was to evaluate labor productivity in terms of material value for a PPSL, which is defined in this study as the weight of plants harvested per hour per worker. Labor data were collected for 6 months from the start of operations in a research facility at Osaka Prefecture University (Osaka, Japan), where the maximum possible rate of plant production was %5000 plants/d.
Materials and methods
PLANT PRODUCTI ON SYSTEM WITH SOLE-SOURCE LIGHTING. A research facility (floor area %1300 m 2 ) at Osaka Prefecture University was used as a model system for plant production with sole-source lighting (Fig. 1 ). This research facility is capable of producing lettuce plants at a maximum rate of %5000 plants/d. Currently, 'Frillice' and 'Flarebell' lettuce plants were produced in the research facility. Commercial production at this facility is relatively small in scale; however, in terms of research, it is one of the largest facilities in Japan. The research facility mainly consists of two seedling production rooms, a cultivation room, a workroom, a precooling room, and a cleaning room (Fig. 1) . There are two types of rooms for seedling production: one for germination and initial cultivation of the seedlings and the other for the subsequent stage of raising the seedlings, referred to hereafter as room A and room B, respectively.
Room A was equipped with a germination chamber and culture shelves. In the germination chamber, the air temperature was maintained at preferable conditions for germination. The culture shelves were equipped with fluorescent lamps (HF32EX-D-H; Panasonic, Osaka, Japan) or white light-emitting diode (LED) lamps (LDL40S-W/26/21; NEC Lighting, Tokyo, Japan) for raising the seedlings. Air-to-air heat exchangetype heat pumps [FXYFP56MD (indoor), RXUP450CA (outdoor); Daikin Industries, Osaka, Japan] were used to control and cool the air temperature inside room A.
Room B was equipped with two multishelves with 17 layers, in which the distance between two layers was 34 cm. In the layers, %1200 LED lamps (GreenPower production module DR/W/FR; Philips Lighting Japan, Tokyo, Japan) were installed for raising the seedlings. The multishelves can hold 340 panels (60 · 90 cm) with 153 holes each that hold the seedlings. The deep flow technique was used to apply the nutrient solution to the seedlings. The air temperature inside room B was controlled by air-to-air heat exchange-type heat pumps (SZVCP450J; Daikin Industries).
The cultivation room was equipped with six multishelves with 16 or 18 layers, in which the distance between two layers was 40 or 34 cm, respectively. In the layers, %11,000 LED lamps (GreenPower production module DR/W/FR; Philips Lighting Japan) were installed for the cultivation of lettuce plants. The multishelves can hold 950 panels (70 · 125 cm) with 30 holes each for holding plants. In the trays, the nutrient solution was applied by using the nutrient film technique. In addition, the trays in the cultivation room were transported by an automatic transferring machine. To cool the air inside the cultivation room, air-to-air heat exchange-type heat pumps with air ducts (SZVYP2240J; Daikin Industries) were installed. The temperature of the nutrient solution was not controlled. All sensors employed in the research facility were calibrated periodically (6-12 months) or when necessary. To clarify the relationship between the operations, production stages, and rooms, the corresponding production stages and rooms are noted between the operations. In the seedling production room A, seedling production stages I to IV were conducted (see Table 1 ). In the seedling production room B, seedlings with two to three true leaves were grown (seedling production stage V). In the culture room, seedlings with four to five true leaves were transplanted and grown for 38 d ('Frillice') or 40 d ('Flarebell'). In the workroom, lettuce plants were harvested, processed, and packed. Then, packed plants were stored in the precooling room. When cleaning panels used in the hydroponic system, the cleaning room was used.
OPERATIONS IN THE RESEARCH FACILITY.
A flow diagram summarizing the operations in the research facility is shown in Fig. 2 . In seedling production stage I, seeds were sown on urethane foam sheets (30 · 60 cm) with 300 holes in room A (seeding). After the seeds were sown, the trays with the urethane foam were placed in the germination chamber for 2 d. After the seeds germinated, the trays were transferred to the culture shelves with white fluorescent lamps and cultured for 2 d during stage II. Then, the urethane foam was placed on other trays (60 · 60 cm) and cultured for 1 d on the same shelf during stage III, after which the trays were transferred to another culture shelf and placed under LED lamps for 4 d during stage IV. During stage V, the seedlings were automatically transferred to the 153-hole panel (60 · 90 cm) and moved to room B (planting I) where they were grown for 12 d ('Frillice') or 14 d ('Flarebell').
During the cultivation stage, the seedlings were planted manually on 30-hole panels (planting II) and grown for 17 d in the cultivation room. The 30-hole panels were transferred automatically from the cultivation room to the workroom by the transferring machines and a conveyer. Then, the plants were harvested manually and deteriorated and/or surplus leaves were removed (harvesting). When the harvesting was completed, the plants were packed with plastic film (packing), placed in cartons, and stored in the precooling room until being shipped to customers (shipping). During the harvesting, the trays and panels used in the seedling production and cultivation stages were collected and transferred to the cleaning room, where they were washed in preparation for the next use (cleaning).
The operations of the research facility started on 1 Feb. 2017. Before this, trial production of lettuce plants was conducted for %4 months, during which suitable culture conditions for lettuce production were examined, and the workers were trained.
CULTURE CONDITIONS. Because the culture conditions and the nutrient solution were determined and amended by the facility managers based on their observations of plant growth and development, standard conditions were described in this article. Culture conditions currently employed in the research facility are shown in Table 1 . During seedling production stage I, photosynthetic photon flux density (PPFD) and air temperature were, respectively, set at 0 mmolÁm -2 Ás -1 (continuous darkness) and 24°C. After stage I, PPFD and air temperature were set at %120-200 mmolÁm -2
Ás
-1 with a 15-or 16-h photoperiod and 24/21°C (light/dark period). The CO 2 concentrations inside the seedling production rooms except for the germination chamber were maintained at 800 mmolÁmol -1 . Nutrient solution containing nitrogen, phosphorus, and potassium at 130, 20, and 150 mgÁL -1 , respectively, with a pH of 4.7 was applied during each growth stage. LABOR PRODUCTIVITY. Labor productivity was estimated by dividing the weight of all plants harvested by the total work hours. The number of workers and the work hours were collected from a time recorder system. Data collected from 0 to 181 d after the start of operations were used in the present study. However, the estimation of labor productivity excluded the data collected at 121 d after the start of operations because the production of lettuce plants was temporarily stopped for 1 d because of renovation of the research facility.
Measurements and estimations
P R O C E S S I N G T I M E F O R OPERATIONS. The processing time for each operation was estimated from the data on the labor assignment table and the work hours of the respective workers. Data were collected from 150 to 181 d after the start of operations (1 month).
STATISTICAL ANALYSES. Data on plant growth and development were subjected to the Mann-Whitney U test to identify differences between the two cultivars. Linear regression analysis was conducted to clarify the effects of the weight of plants harvested and the relative harvest rate of the research facility on the labor productivity. To detect differences among the operations, the processing time was subjected to the TukeyKramer test. Statistical analyses were conducted using R statistical software (R Core Team, 2017).
Results and discussion

LETTUCE PRODUCTION IN THE RESEARCH FACILITY.
Based on the trial production, the lettuce plants could be successfully produced from the start of operations at the research facility. Although consistent culture conditions were applied at the facility, the growth and development of 'Frillice' lettuce plants differed from those of 'Flarebell' lettuce plants ( Table 2 ). The fresh weight of the marketable head was greater in 'Frillice' than in 'Flarebell.' The fresh weight of the head and the plant height were also greater in 'Frillice' than in 'Flarebell'; however, the fresh weight of the root and the number of leaves were smaller in 'Frillice' than in 'Flarebell'.
Time courses of the number of 'Frillice' and 'Flarebell' lettuce plants harvested are shown in Fig. 3A and B, respectively. Because the fresh weight of the marketable head in 'Frillice' and 'Flarebell' lettuce plants differed from each other, the weight of plants harvested was estimated separately for each cultivar. The aggregated results are shown in Fig. 4 .
Because of the fluctuation in demand for the lettuce plants, the number (Fig. 3) and weight (Fig. 4) of plants harvested varied. Accordingly, the relative harvest rate (Fig. 5 ) and the number of workers and work hours were adjusted almost every day by the facility managers. If changes in the demand for the lettuce plants could be kept small, fluctuations in the number of workers and work hours could be minimized. This would reduce the time for adjusting the shift schedule of workers in the research facility.
LABOR PRODUCTIVITY. Figure 6 shows the time course for labor productivity, which can be seen to fluctuate in the range from 1.5 to 6.0 kgÁh -1 per person. During the research period of 6 months, a large fluctuation in labor productivity was observed. This is possibly because of a failure to adjust the forecast for lettuce supply and demand, resulting in drops in the relative harvest rate The fresh weight of root part with the urethane cube was measured. The weight of urethane cube was %0.5 g (0.018 oz) per cube.
x Any two means within a row not followed by the same letter are significantly different (P < 0.01) based on the Mann-Whitney U test. SD = standard deviation. resulting from too many available workers. Hence, to achieve high labor productivity, it is necessary to maintain the relative harvest rate at a higher level through appropriate adjustment of the supply and demand. By increasing lettuce weight of plants harvested (Fig. 7) and the relative harvest rate (Fig. 8) , labor productivity was increased. To achieve and maintain a higher level of labor productivity, a greater weight of plants harvested and higher relative harvest rate must be maintained. To achieve this, the relative harvest rate in the research facility must be increased compared with that in the current level (17% to 65%).
There is no standard value for labor productivity in PPSLs. Hirose (2017) reported the labor data in a PPSL operated over 3 years, where the maximum number of plants harvested was 10,300 plants/d. In that PPSL, the number of work hours per marketable head (82 g/plant on average) was 0.84 person-minute. From this information obtained in the PPSL, in which the worker proficiency was expected to be higher than that in the research facility, the roughly estimated value for labor productivity was 5.9 kgÁh -1 per person (82 g/0.84 person-minute). This value is comparable to the value we obtained when the relative harvest rate was 65%. Hence, labor productivity will increase with increasing the weight of plants harvested and the relative harvest rate.
There are two types of labor productivity: one in terms of material value and the other in terms of monetary value; this article deals only with the former. In the research facility, the material value will be increased only if 'Frillice' lettuce plants were grown. This is because the fresh weight of the marketable head was 1.35 times greater for 'Frillice' lettuce plants than for 'Flarebell' lettuce plants (Table 2) . By contrast, labor productivity in terms of monetary value (i.e., sales per hour per person) was unaffected by the cultivars grown because the price of the marketable head of 'Frillice' lettuce plants was the same as that of 'Flarebell' lettuce plants. To evaluate the commercial feasibility of PPSLs, labor productivity in terms of both material and monetary value should be investigated. In addition, in this study, labor productivity in terms of monetary value ranged between 1740 and 6610 yen/h per person (%$16/h to 60/h per person), if the wholesale price of the marketable head is assumed to be 100 yen (%$0.91).
Here, a simple economic analysis was performed under the following assumptions: 1) the daily depreciation cost of PPSL is 137,000 yen (construction cost for PPSL is 500 million yen, amortized over 10 years), 2) the daily electricity cost is 120,000 yen, 3) the daily labor cost is 96,000 yen (12 laborers work for 8 h in the PPSL every day and the hourly pay is 1000 yen/h per person), and 4) the daily material cost, including water, nutrients, urethane foam, is 20,000 yen. These assumptions were based on a survey of several PPSLs. Based on these assumptions, the total cost is estimated to be 373,000 yen. Hence, to avoid the cost for lettuce production exceeding the revenue, the labor productivity should be greater than 3.2 kgÁh -1 per person [373,000 yen/ (100 yen/0.082 kg)/12 persons/ 8 h]. Because the other daily production costs (e.g., transportation and operating expenses) were not included in this estimation, the value obtained may be underestimated. To conduct a more accurate estimation, further investigations are required.
In this study, a linear relationship was found between labor productivity and the weight of the plants harvested (Fig. 7) . A linear relationship was also found between labor productivity and the relative harvest rate at the research facility (Fig. 8) . However, residuals were observed in the regression analyses in both cases, possibly because of the daily variation in worker efficiency. Although consistent efficiency is desirable, workers and their roles were changed every day and only 6 months had passed since the start of operations. Over time, it is expected that the residuals in Figs. 7 and 8 will become smaller.
Labor productivity increased with increasing weight of plants harvested (Fig. 7) and increasing relative harvest rate (Fig. 8) . This may be because the time required for common tasks, including preparation and cleaning, could account for a large proportion of the work hours under the conditions of smaller weight of plants harvested and reduced relative harvest rates. With larger weight of plants harvested and/or relative harvest rate, labor productivity will be greater because the proportion of common tasks will be lower.
In the present study, the number of plants harvested was recorded manually. Harvested plants were shipped in three product forms: individual plant wrapping, multiple plant wrapping, and discrete leaf wrapping. Lettuce plants that did not meet the criteria for individual or multiple wrapping were separated into leaves. In this way, the loss of lettuce plants during harvesting to shipping was minimized, but small losses could occur during harvesting and packing. These may cause a difference between the manually recorded values and the actual shipments, and hence labor productivity in the results may be overestimated.
P R O C E S S I N G T I M E F O R OPERATIONS.
The processing time for each operation is shown in Fig. 9 . The greatest processing time was observed in harvesting, which accounted for 37% of the total processing time. This was because the harvesting operation includes time-consuming tasks (e.g., removing the deteriorated and/or surplus leaves from the lettuce plants harvested). The operations from the harvesting onward (harvesting, packing, shipping, and cleaning) accounted for 78% of the total processing time. If the time required for these operations, especially harvesting and packing, could be reduced by automation for example, labor productivity would be significantly increased in the research facility and in other PPSLs.
In the present study, the processing time was estimated from the labor assignment table and the work hours of the respective workers. However, there are several methods for obtaining a more accurate processing time, such as the time-study method using direct measurement, which is a common procedure that provides more accurate and reliable results (Aft, 2000; Barnes, 1980; Meyers, 1999; Mital et al., 2017) . We intend to use this method in a future study for analyzing the processing time in the research facility.
Transportation between the research facility and customers requires labor force, so that should be taken into consideration for evaluating the labor productivity from production to delivery. Although the lettuce plants are mainly shipped to neighboring areas (Kansai area) from the research facility, transportation routes varied day by day because of customers' requirements. Hence, we could not summarize the results of the labor productivity for transportation and, thus, we only focus on labor productivity in the research facility.
Conclusion
Labor productivity in terms of material value was evaluated based on data collected for 6 months from the start of operations in a research facility at Osaka Prefecture University. Within the relative harvest rate range of 17% to 65%, labor productivity increased with increasing weight of plants harvested and relative harvest rate, indicating the need to increase or maintain both factors to raise labor productivity. An analysis of the processing times for operations showed that harvesting took the most time, so to increase labor productivity, it is essential to reduce the time for harvesting. These results show that the evaluation of labor productivity is beneficial for increasing the commercial feasibility of PPSLs, although further long-term investigation with higher relative harvest rates is necessary.
Japan Greenhouse Horticulture Association. 2017. Project report on the Fig. 8 . Effect of the relative harvest rate on labor productivity in the plant production systems with sole-source lighting (n = 180); 1 kg = 2.2046 lb. Fig. 9 . Pareto chart of the average processing time for seeding, planting I, planting II, harvesting, packing, shipping, and cleaning in the plant production systems with sole-source lighting, where lettuce plants were produced (n = 31). This chart contains both bars and a line graph, in which individual values of process times are represented in ranked order by bars, and the cumulative percentage is represented by the line. Means labeled with different letters are significantly different (P < 0.01) based on the Tukey-Kramer test. Plantings I and II were conducted in the seedling production room B and the cultivation room (see Fig. 2 ).
